The present investigation was designed to examine the effect of change in vocal fold mass and stiffness on vocal fold vibration. To do this, the effect of variation in superior laryngeal nerve stimulation (SLNS) and recurrent laryngeal nerve stimulation (RLNS) was studied. Photoglottography (PGG), electroglottography (EGG), and subglottic pressure (Psub) were measured in seven mongrel dogs using an in viva canine model of phonation. The PGG, EGG, and Psub signals were examined at three frequencies ( 100, 130, and 160 Hz) for SLNS and RLNS, using a constant rate of air flow. Increasing SLNS, which caused a contraction of the cricothyroid muscle, produced a marked increase in Fo, little change in P 
INTRODUCTION
Knowledge of phonatory control mechanisms has increased tremendously during the past three decades. While clinicians and physiologists have seen the vocal cords as physiologic vibrators, engineers and speech scientists have tended to view the vocal cords as mechanical oscillators.
Based on physiologic observations using human and canine larynges, van den Berg (1958) advanced the myoelasticaerodynamic theory of phonation. Ishizaka and Flanagan (1972) proposed a two-mass model of vocal fold vibration for synthesis of voiced sounds. Subsequent investigations have studied phonation in animal and computer assisted models. Although theoretical models have been indispensable in consolidating known data and guiding the path toward future experimentation, verification of current theories will require the use of physiological preparations. The present investigation was designed to examine, by use of an in viva canine model of phonation, the effect of change in vocal fold mass and stiffness on vocal fold vibration. To do this, the effect of variation in superior and recurrent laryngeal nerve stimulation (SLNS and RLNS), under conditions of constant air flow, was studied photoglottographically and electroglottographically while measuring subglottic pressure.
The myoelastic-aerodynamic theory of phonation postulated that the driving force for vocal fold vibration is the stream of air from the lungs. The fundamental frequency (Fo) of phonation depends on the effective mass and stiffness of the vocal folds interacting with transglottal pressure. The mass and stiffness of the folds are determined by the action of the internal and external !aryngeal muscles. According to this theory, control of the Fo of the vibrating folds is influenced by a number of independent physiologic parameters: ( 1 ) the effective mass of the vibrating part of the vocal folds; (2) the effective tension in the vibrating part of the vocal folds; (3) the effective area of the glottis during the vibratory cycle; (4) subglottic pressure; and (5) the damping of the vocal folds (van den Berg, 1958 ). Titze (1980) , in his tutorial on the myoelastic-aerodynamic theory, stated that under large amplitude conditions Fo appears to be controlled entirely by static and amplitude tissue stiffness rather than explicitly by aerodynamics. Titze concludes that Fo control is primarily elastic with marked intonation patterns being programmed centrally and being implemented by major muscular contraction. Additional reflex intonation patterns appear to be controlled by peripheral feedback implemented by lesser, but significantly faster, contractions. Since control of fundamental frequency is myoelastic, this places limits on control of Fo by subglottal pressure alone and forces such control to be inseparably connected with vibrational amplitude or less directly with vocal intensity.
In 1972, Ishizaka and Flanagan published their experience with synthesis of voiced sounds using a two-mass model of the vocal cords. They approximated the cords by a selfoscillating source composed of two stiffness-coupled masses, the upper and lower margins of the folds. Glottal waveforms of volume velocity, glottal area, and mouth-output sound pressure were simulated. They investigated the relationship between F o, subglottic pressure (P sub ), vocal cord tension, glottic area, and duty ratio. According to the two-mass model, Fo depends on the following independent control parameters: ( 1 ) the mass of upper and lower margins; (2) a dimensionless tension parameter (Q); (3) a phonation-neutral area (or rest area) of the glottis; (4) subglottic pressure (P sub ); and (5) a damping coefficient for the vocal cord oscillators. Using this model, computer simulations have produced highly realistic results with regard to quality of glottal area, glottal flow, and acoustic waveforms when compared to measures of human phonation. However, few experimentally confirmed physiologic correlates of the abovementioned control parameters have been investigated.
A. Laryngeal control parameters
A unifying assumption of one-, two-, and multimass models of the vocal folds is that the vibrating folds approximate simple mechanical vibrators. The natural vibrating frequency of a simple mechanical oscillator varies with the square root of the effective stiffness (k) to mass (m) ratio as follows:
( 1 ) (Titze, 1980; Tanabe et al., 1979 Wyke ( 1981 ) reported that during the prephonatory tuning phase of phonation, spontaneous PCA activity ceased only to resume once phonation ensued, especially at high Fo. Lofquist and Yoshioka (1980) described a reciprocal relationship between PCA and IA activity in voiceless obstruent production. Electromyographic measurement of PCA activity during voiceless consonant production and breathy phonation (Hirose, 1976) suggests that PCA activity is directly responsible for the size and temporal course of glottal opening during phonation. In addition, the activity of the PCA in phonation has been thought to brace the aryetenoids against the anterior pull of the vocal folds during phonation (Harris, 1981 ) .
Most studies of phonation cite a direct relationship between P•b and Fo. Using a canine preparation, Rubin (1963) As mechanical models of vocal fold vibration become refined, their relationship to physiologic mechanismsf should be investigated. In the present study, techniques for generating giottographic waveforms and measuring Ps• were applied to an in viva canine preparation to determine the effect of superior and recurrent laryngeal nerve stimulation on temporal events of vocal cord vibration. the canine (Galen's nerve) that are believed to be sensory. Longitudinal elasticity curves for the epithelium, ligament, and muscle of the canine larynx have different tensionlength slopes than in humans, but their overall shape is similar. The cricoid and thyroid cartilages are more angulated and of less height than in humans. The ventricles are considerably larger and there is no well-defined vocal ligament. In spite of these differences, much of the information on the mechanics of vocal fold vibration has emerged from the study of excised canine larynges. Baer ( 1983 Baer ( , 1984 
A. Subjects
Seven adult male mongrel dogs, each weighing 25-30 kg, were used in the study. Each dog was screened to assess its suitability as a subject for the experiment. Dogs with long necks were preferred for ease of preparation.
B. In vivo canine model
The use of animals to study laryngeal function provides a setting in which new concepts can be tested, while at the same time allowing manipulation of variables not easily controlled in humans. Traditionally, investigators have used the canine as their principal animal model on which laryngeal studies have been based. The canine larynx is similar to the human larynx in terms of size and vocal fold histology. However, the upper portion of the vocal fold has a thicker and a looser lamina propria than seen in humans, accounting for the increased thickness of the canine vocal fold (Hirano, 1981 
C. Experimental preparation
The experimental setup was the same as described previously by the authors, and was similar to prior in vivo canine studies (Berke et al., 1986; Rubin, 1963) . Dogs were anesthetized with 2 cc ketamine by intramuscular injection followed by intravenous pentobarbital until loss of the corneal reflex was achieved. The animals were then placed supine on an operating table (Fig. 1 ) and direct laryngoscopy was performed to confirm normal laryngeal anatomy. A 7-mm oral endotracheal tube was inserted, through which the animal breathed spontaneously. A vertical midline incision was made from the mandible to the sternum. The strap muscles and sternocleidomastoid muscles were retracted laterally to expose the larynx and trachea. The external branch of the superior laryngeal nerves were isolated at their entrance into the CT muscle. A gauze/silver electrode was applied to the nerves and insulated from the surrounding tissue. The recurrent laryngeal nerves were isolated at 5 cm inferior to the larynx. Electrodes were applied in the same fashion. Ground electrodes were sutured to the trachea and connected to the anode Of the nerve stimulator. Electrical isolation between recurrent laryngeal nerve and superior laryngeal nerve stimulation was verified by direct observation. Maximal stimulation of the recurrent laryngeal nerves to the point at which the strap muscles were also noted to contract (approximately 9 V) was not observed to produce contraction of the cricothyroid muscle. In addition, no lengthening or thinning of the vocal cords occurred during maximal recurrent laryn- 
G. Data analysis
The recorded PGG, EGG, and Ps,b waveforms were low-pass filtered at 1500 Hz, digitized at a rate of 20 kHz with an LSI 11-73 computer, and stored on disk. A 0.5-s sample of stable phonation was used. A multipurpose computer software program was used for data analysis and graphic display. two random trials for ten contiguous cycles for the seven subjects, were analyzed within an analysis of variance (AN-OVA) framework. Separate analyses of variance were applied for the type of stimulation on each quotient, with target frequency and trial as repeated measures. No difference was shown between trials 1 and 2 for any of the quotients.
II. RESULTS
Electrical stimulation produced Fo's of 54-340 Hz, spanning the low-modal, modal, and falsetto registers perceptually. Figure 3 shows representative waveforms plotted for one subject at three target frequencies for the effects of SLNS and RLNS. As the frequency increased due to an increasing level of SLNS [ Fig. 3 (a)-(c) ], the width (Bi to Di in Fig. 2 ) of the EGG waveform remained nearly constant despite a diminishing period. This was reflected qualitatively in an increasing open portion and a decreasing closed portion of the cycle. In contrast, as frequency increased by increasing RLNS [ Fig. 3 (d)-(f) ], a narrowing of the EGG waveform occurred. This was associated with a decreasing open portion and a markedly increasing closed portion of the cycle. For this particular subject, mean subglottic pressure rose from 22 cm H20 at 100 Hz to 32 cm H20 at 160 Hz for SLNS [ Fig. 3 (a)-(c) ]. For increasing RLNS, mean Psub rose from 57 cm H20 at 100 Hz to 90 cm H20 at 160 Hz [ Fig. 3(d)-(f) ].
Examination of giottographic waveforms in Figs. 2 and 3 reveals several findings with regard to subglottic pressure. Here, Psub rises throughout the vocal fold vibratory cycle until upper margin opening is reached (Fig. 2, Bi ) , at which point it drops rapidly. Upon lower margin closure (Fig. 2,  Di ) , the P•u• abruptly increases, and then increases steadily until the upper margin opening of the next glottic cycle. As Fo increases (Fig. 3 ) , high-frequency components appear in the P•u• waveform superimposed on the mean P•u•. Table I wave for this subject varied between 14-24 cm H20 for all levels of Fo achieved, and did not increase as Ps,b increased. The Ps,b trends for RLNS and SLNS were similar in all seven subjects.
III. DISCUSSION
The present investigation was designed to study the effect of SLNS and RLNS on temporal events of the vocal fold vibratory cycle over a frequency range of 80-180 Hz, under conditions of constant air flow. This range was chosen to represent frequencies within the canine modal register. Data regarding frequency ranges for canine phonation do not exist. However, it appears that dogs develop both modal and falsetto registers in their normal phonation, as evidenced by the growl, the bark, and the shrill cry that dogs commonly exhibit. Hollien and Michel (1968) investigated the register frequencies of 12 adult human males. They found a range of 94-287 Hz for the modal register. As the canine larynges are somewhat thicker and more massive than human larynges (Hirano, 1974) , the dog likely has a lower range of frequency for the modal register.
The profound effect of SLNS to increase F o was confirmed by this study. Frequencies as high as 340 Hz were obtained with activation of the CT muscle. The Fo elevation by increasing SLNS was not accompanied by a significant increase in P•.b (Fig. 7) , which parallels normal human phonation in speech. The effect of SLNS on increasing OQ for increased Fo agrees with studies of increased Fo in human speech (Hildebrand, 1976) . This may be explained in the Of interest is the close association of Qog to OQ for SLNS (Fig. 4) . Most of the change in OQ was due to upper margin opening, rather than by lower margin closing [Qcg, The observation in the present study that the ac pressure waveform is close to its maximum before upper margin opening and then falls to reach a nadir at closure does not match with similar records from humans obtained with pressure-tip transducers passed through the glottis into the trachea (Kitzing and Lofquist, 1975; Cranen and Boves, 1985) . In these records there is a sharp increase in subglottal pressure at the onset of glottal closure and a marked decrease at the onset of glottal opening. It is possible that the discrepan-cies observed may be related to the pressure transducer-amplifier used in the present study distorting the ac waveform obtained, or that the experimental procedure used gave different waveforms from those recorded in humans, or that some tracheal acoustic factor in humans contributed to the records that is not present in dogs due to the presence of an endotracheal tube, or another factor. However, phenomenologically, since the driving force for glottic opening is subglottic pressure, a pressure rise and peak prior to opening and a fall in pressure as flow ensues resulting in glottic closure does help to explain sustained oscillation. 
Monsen

